A numerical method was used to study the interaction between a crack and the filler phase in a particle-reinforced polymer composite. The simulation was achieved by implementing a progressive damage-and-failure material model and element-removal technique through finite element analysis, providing a framework for the quantitative prediction of the deformation and fracture response of the composite. The effect of an interphase on composite toughness was also studied. Results show that a thin and high strength interphase results in efficient stress transfer between particle and matrix and causes the crack to deflect and propagate within the matrix. Alternatively, a thick and low strength interphase results in crack propagation within the interphase layer, and crack blunting. Further analysis of the effect of volume fraction and particleparticle interactions on fracture toughness as well as prediction of the fracture toughness can also be achieved within this framework.
Introduction
Particle-reinforced polymer composites have been used as dental restorative materials for many years. High toughness of these composites is desired because it leads to better wear resistance and clinical performance [1] . However, the improvement of toughness due to the introduction of high modulus glass particles is inadequate. In some cases, the fracture toughness of the composite may be lower than that of the matrix material [2] . Earlier, it was shown that the mechanical properties of such composites are affected by the mechanical properties of the resin itself [3] , and the properties, shape, size, volume fraction and distribution of the reinforcing particles [2, [4] [5] [6] [7] [8] . In the cases of rubber-toughened [9, 10] and UHMWPE particle-containing composites [7] , toughness is indeed increased, but the loss in modulus, hardness or strength is appreciable, especially as the volume fraction of filler increases. Attempts have also been made to toughen composites by coating glass particles with rubber, but results are ambiguous; significant toughness increases could be achieved [11] , but only within certain ranges of filler content [12] .
Theoretical predictions by Chan et al. implied that the fracture toughness of dental nanocomposites can be improved by a factor of 2-3 through a combination of enhanced interphase toughness by silanization, crack deflection, and crack bridging [13] . Ranade et al. incorporated a glass filler particle with a ductile and tough interphase (UHMWPE) into a BisGMA/TEGDMA matrix, and found that fracture toughness increased (38%), but modulus (25%) and strength (11%) decreased [2] . Other studies have shown that strong adhesion may reduce the fracture toughness of glass bead-filled epoxy composites [14] . Debnath et al. studied the relationship of different filler-matrix interfacial shear strengths on the flexural strength and toughness of BisGMA/TEGDMA composites reinforced by E-glass particles and found that a rubber interphase, whether bonded to the filler and matrix or not, did not improve toughness [15] .
These experimental observations are somewhat inconsistent. In fact, the improvement of toughness in composites is the result of many factors, and several toughening mechanisms are involved during fracture including crack pinning, crack blunting, matrix/particle debonding, and crack deflection [6] .
In previous numerical and analytical studies focused on toughening mechanisms, analyses were performed on the effects of filler particle properties, volume fraction, and interfacial bonding on composite elastic properties and fracture toughness. An axisymmetric finite element unit cell model contains a particle in the matrix (with or without an interphase) [4, 10, 13, 16] , while a representative volume element (RVE) unit cell model may contain a cluster of randomly distributed particles [17] [18] [19] [20] . In the latter case, the influence of particle distribution on the stress intensity as well as on the final properties may be studied. While these models are able to address particle/matrix decohesion, they are not able to simulate crack deflection during crack propagation, principally because of the periodicity in the boundary conditions, which implies that damage (decohesion) occurs simultaneously throughout the microstructure.
The boundary element method (BEM) has been used to study the interaction between a crack and second phase particle in a discontinuously reinforced composite material. In this method, simulation is achieved using a "dual" boundary integral method, coupled with either a maximum energy release rate criterion or a maximum principal stress criterion for determining the direction of crack propagation [21] [22] [23] [24] . Simulation of track trajectories in the presence of one, two, or many randomly distributed particles yielded the finding that the crack trajectory is not substantially altered until the crack is near a particle [25] . Also, a preexisting flaw at the particle/matrix interphase can attract the crack and substantially increase the energy release rate. BEM studies of crack propagation and interaction with a single or multiple inclusion(s) showed crack-tip shielding and amplification behavior [21] . Effects of modulus mismatch on crack growth and stress intensity behavior were also investigated. Knight et al. examined crack deflection/attraction mechanisms in a crack-particle interactions [26] , finding that the constituent material properties (Poisson's ratio) and spatial distribution have a significant effect on the localized stress distribution and energetics around the crack tip. However, due to the complexity of the mathematical formulations, difficulty with the treatment of singularities, as well as the lack of versatility of current boundary element codes present, the application of the BEM in studies of the fracture behavior of composites with complex microstructures is restricted.
In addition to BEM, analysis of crack-particle interactions and toughening mechanisms has also been carried out by FEM. Conventional FEM approaches such as the nodal release method and the re-meshing method require either a predefined crack path [27, 28] , or intense computation; they are inefficient for analysis of materials with second phases. Recently, the introduction of cohesive/decohesion element formulation into FEM provides a more effective way to simulate crazing and crack propagation in materials. Several investigators developed and adopted this approach for interfacial failure simulation under either static or dynamic loading conditions. Hillerborg et al. applied cohesive element methods to analyze crack development in concrete [29] , and it has also been used in the study of crazing and delamination of composites [30] [31] [32] [33] [34] . In this method, crack nucleation and extension, and thus the material strength and toughness, can all be characterized by the cohesive element and its traction-separation relationship. The loss of cohesion occurs when the elements start to progressively degrade, which leads to the formation of new traction-free crack surfaces. Thus, the near crack tip singularity can be considered in an efficient manner. An important advantage of this methodology for modeling fracture behavior is that macroscopic fracture criteria (e.g. K I = K IC ) are not needed. Here, we will also use this approach to study the effect of the interphase material on crack propagation and toughness of the composite.
The material studied here is an E-glass particle reinforced BisGMA/TEGDMA resin matrix composite. The average diameter of the particles is 2.6 μm. In our complementary experimental studies, we provided a coating of ductile polymer (UHMWPE) on the glass particles in several different ways in order to both improve filler/matrix compatibility, and to introduce an energy-absorbing phase within the composite [2] to provide toughening for cracks propagating near filler particles. SEM images of fracture surfaces of various specimens as shown in Fig. 1 exhibit different fracture patterns of the composites. Without surface treatment, the glass particles do not bond to the resin matrix, and the fracture surface shows clean particle surfaces ( Fig. 1(a) ). Introduction of a silane (PE-silane) that bonded to the glass particle surface and was in its turn coated with UHMWPE that precipitated from solution somewhat improved particle/matrix bonding, and the surface shown in Fig. 1(b) indicates that the crack does not propagate purely along the particle-matrix interphase. Further improvement of particle-matrix compatibility, achieved by providing the precipitated UHMWPE with a methacrylate-bonding functionality, leads to the crack extending entirely within the matrix material, as shown in Fig. 1(c) . These results indicate that the direction of crack propagation is affected by the interphase and in turn will affect the fracture toughness of the material [2] .
The objective of this paper is to develop an engineering tool for the quantitative prediction of the deformation and fracture response of particle-reinforced polymer composites. Specifically, we wish to improve our understanding of the role of the interphase on the fracture toughness of glass particle reinforced composites.
Finite element model of crack tip deformation zone
Failure processes in particle-reinforced composites are related to the basic problem of a matrix crack interacting with second phase particles. Here, a small region in front of the crack tip was studied. Specifically, as shown in Fig. 2 (a), a small (square) zone at the center of the 3-point bending specimen was selected as the area of interest; a detailed representation of this zone is shown in Fig. 2(b) . This representative zone can be subdivided into two regions: the central deformation region and the outer surrounding region where the external load was applied. The outer region should be large enough so that boundary conditions do not interfere with the crack trajectory or the local crack driving force. The material in the surrounding region is assumed to be elastic with properties determined experimentally from specimens of a 0.3 volume fraction E-glass BisGMA/TEGDMA composite [2] . In the center region, a detailed representation of microstructure includes particle, matrix and interphase. Our current model considers a single particle, though it is possible to incorporate multiple particles within the deformation zone for other studies of crack-particle interactions. The finite element mesh used in our simulation is shown in Fig. 3 for (a) study zone unit cell and (b) central deformation zone, respectively. The E-glass particle in the deformation region is modeled as purely elastic, with modulus and Poisson's ratio as listed in Table 1 . The resin matrix material and the interphase material is modeled with a decohesion element formulation (progressive damage and failure material model) provided by ABAQUS [35] . There are two types of formulations: (a) tractionseparation and (b) continuum-based models. The traction-separation formulation describes the mechanical behavior of the material by using the phenomenological relation between traction and interfacial separation. With increasing interfacial separation, the traction forces across the interphase reach a maximum, decrease, and vanish when complete decohesion occurs. Continuum-based models describe degradation behavior as a traction-separation formulation, and progressive damage and failure of materials is governed by the specific constitutive equations of the model. The latter formulation (i.e., the continuum based model) was used in our ABAQUS/Explicit analysis for crack propagation.
As shown in Fig. 4 , the model used here includes an undamaged response, a damage initiation criterion and a damage evolution response. The undamaged material is modeled as an elastoplastic material model. Damage begins at the point marked D = 0 on Fig. 4 and initiation is based on an equivalent strain criterion. The criterion for damage initiation is met when the following condition is satisfied: (1) where ω D is a state variable that increases monotonically with plastic deformation; is the equivalent plastic strain, which is typically a function of stress triaxiality for ductile materials. A ductile damage initiation criterion was used in the simulation [36] , in which the specific level of the damage initiation criterion is assumed to depend on stress triaxiality (ε̄0 pl (η) ). A low level of damage initiation strain is used in tensile conditions and a higher one in compressive cases. Essentially, the element does not fail in compression, but will degrade under tensile or shear stress conditions. After damage initiation, the behavior of the materials is controlled by a damage evolution law. Damage manifests itself in reduction of the yield stress and elasticity (stiffness) [35] . ABAQUS/Explicit assumes that degradation of the stiffness associated with each active failure mechanism can be modeled using a scalar damage variable, D. As shown in Figure 4 , beyond the damage initiation point, the solid curve represents the damaged stress-stain response, while the dashed curve is the response in the absence of damage. At any given time during the analysis, the stress tensor in the material is given by the scalar damage equation (2) where D is the overall damage variable and σīs the stress that would exist in the material in the absence of damage.
The stiffness is given by: (3) where, E 0 is the stiffness for undamaged material. The material loses its load-carrying capacity when D = 1. Based on the Hillerborg fracture energy approach [29] , a material parameter, G 0 , the energy required to open a unit area of crack, can be used to control the softening response of the material after damage initiation. The G 0 value varies in the range of 0.05 -0.1 Jm −2 for polymer-filler interphase bonding fracture [37] . A value of 0.1 Jm −2 was used in our simulation. The damage initiation strain (ε̄0 pl ) parameter as the function of stress triaxiality used in our model is listed in Table 2 . Different strengths of the interphase material were simulated by adjusting material properties of undamaged interphase material. A comparison of stress-strain curves of undamaged materials for the polymer matrix as well as three different interphase materials (cases 1, 2 and 3, with yield strengths of 120%, 60% and 50% of the matrix material respectively) is presented in Fig. 5 . The stress-strain curve for the matrix material was derived experimentally.
The boundary condition applied in the study zone is derived from a macroscopic 3-point bending simulation. We calculated the actual deformation gradient for a small square region in front of the crack tip during a 3-point bending simulation, then converted the deformation gradient in our microscopic unit cell simulation to a velocity boundary condition. As shown in Fig. 2(b) , a gradient velocity boundary condition was applied on the representative zone with the highest velocity at the right corners and zero velocity at the left corners. A convergence study was carried out to ensure that the number of elements in the model was adequate. There are approximately 66000 nodes and 148000 elements in the final model with about 63000 nodes and 145000 elements in the center deformation region.
Results and discussion
The region surrounding the crack tip where the energy is predominantly dissipated is our special interest area. Fig. 6 shows the stress evolution as the crack propagates toward the embedded particle. The initial crack tip has a distance of 2r (r is the particle radius) away from the particle and the crack faces the center of the embedded particle in this case. A thin layer (2% of particle radius) of interphase material (stronger than the matrix material and with properties shown in Fig. 5 ) exists between the particle and matrix. Only those areas under high stress (σ> 10 MPa) are listed. As shown in Fig. 6 , a stress concentration occurs at the crack tip only after the crack starts to propagate. Dissipation of energy by the creation of new surfaces relaxes stresses in regions other than at the crack tip. As deformation continues, the crack 'senses' the particle before making contact with it. The interphase material provides continuous stress transfer between matrix and particle, and stress increases rapidly inside the high modulus particle. As the crack approaches the particle, a large stress concentration area between crack tip and the particle is observed (Fig. 6 top right) . Even though the maximum stress is observed at the particle surface, the crack does not grow in that direction. Instead, it propagates within the matrix material and is deflected around the particle. Once the crack starts to propagate forward again, the stress concentration in the area around the particle starts to decrease again (Fig. 6 bottom left) . Once the crack passes the particle, it will continue to propagate within the matrix.
The crack has different trajectories when it faces a particle with different degrees of offset from the particle center (Fig. 7) . The crack is bifurcated when it faces the particle center ( Fig. 7 top left) . If the crack approaches at an offset from the centerline of the particle, it is deflected. It is interesting to note that for d=1.125r, even though the initial crack trajectory is not facing the particle, the crack is still attracted by the particle as it approaches.
A comparison of the stress distribution gradients when the crack is very near the particle is shown in Fig 8. A crack facing the center of the particle has the most intense (here arbitrarily defined as the size of the zone in which the stress varies by ±30% of the matrix yield stress) interaction with the particle, which we interpret to indicate an effective crack shielding effect. As the crack propagation direction shifts away from the particle center, the existing particle has less effect on the crack propagation direction; the strongest indication is the reduction in the stress concentration area as shown in Fig. 8 . The stress concentration for d=1.125r in Fig 8 is caused by the high particle modulus, which makes the crack alter its initial path and move towards the particle. As a result, crack propagation speed is reduced, leading to crack deflection.
It is well known that crack deflection by particles can lower the local crack-tip stress intensity factor and enhance crack growth resistance. The decrease of the energy release rate G is direct evidence of a decrease of the local stress intensity factor and therefore an increase of fracture toughness. Previous study has shown that when a crack approaches a stiffer phase, it may experience a 'shielding' effect, in which the energy release rate is reduced relative to the non-reinforced condition [25] .
In our simulation, the energy release rate (G ) is related to the work done by external forces and the change of total strain energy [38] , i.e. (4) where W is the work done by the external forces, U is the total strain energy which includes elastic and plastic energies, and a is the crack area. Both W and U values can be obtained from ABAQUS. Fig. 9 illustrates the evolution of the normalized energy release rate, G/G 0 , as the crack propagates around the particle, where G 0 is the energy release rate when the crack propagates within the resin material only. The simulation results show that the energy release rate decreases as the crack approaches the particle. The largest decrease is in the case when the crack faces the center of the particle. The greater the degree of offset, the smaller the decrease in G. After the crack passes the particle, the nondimensional energy release rate returns back to normal. We also notice that in the case when the crack faces the particle center, the energy release rate continues to decrease after the crack passes around the particle. This is due to crack bifurcation as observed in Fig. 7 . It is obvious that two cracks dissipate more energy than single crack.
In this study, special interest was focused on the effect of interphase material on the toughening mechanism of the composite. It was found that when the interphase material is stronger than the matrix, it permits good stress transfer between particle and matrix. In this situation, the crack propagates within the resin matrix, and crack deflection is the main toughening mechanism. However, the situation becomes complicated when the interphase material becomes weaker. In Fig. 10 , we compared three thicknesses of the interphase material: 2%, 8%, and 12% of particle radius. The strength of the interphase material was lower than the resin matrix material (Fig. 5, case 2) . The initial crack propagation direction shifted from the particle center by 0.375r. As shown in Fig. 10(a) , the layer of relatively weak interphase material still provided efficient stress transfer. Interphases with different thicknesses show similar stress distributions when the crack tip reaches the particle. Maximal stress concentrations were observed at the surface of the particle in all cases. However, the crack growth trajectories are different. As can be seen in Fig. 10(b) , when the thickness of the interphase material is reduced, the crack still propagates within the matrix material and the crack deflection toughening mechanism is dominant. When the thickness of the interphase material reaches approximately 12% of particle radius, the crack will propagate within the interphase material. As a result, particle-matrix debonding occurs, and the crack-blunting toughening mechanism is activated. A comparison of energy release rates is shown in Fig. 11 . At the beginning, as the crack approaches the particle, the evolution of energy release rate exhibits similar trends in all three cases. As the crack passes around the particle, the energy release rate in the thickest interphase case continues to decrease, while the energy release rate for the other two interphases reverts to the value for the pure matrix. This decrease of energy release rate is desired since it implies further energy dissipation.
Additional simulations were performed for interphases having thicknesses of 2%, 8%, and 12% of particle radius. An interphase material with a yield strength 50% of the matrix material was selected this time ( Figure 5, case 3) . Our results show that the crack-blunting toughening mechanism was trigged at a lower interphase thickness: the crack propagated within the interphase layer for thicknesses of 8% and 12% of particle radius. When crackblunting occurs, a decrease of 10% in reaction forces in the vertical direction was observed as the yield strength of the interphase material decreased by 20% from that of case 2 indicating that crack-blunting is accompanied by a decrease in the strength of the unit cell. In another words, the increase of fracture toughness may lead to a decrease in strength of the composite. Our simulation results are consistent with our experimental data reported in [2] .
Conclusions
Crack propagation and crack interaction with a second phase particle were simulated by a continuum-based decohesion finite element model. Our results show that crack deflection only occurs when the crack is near the reinforcing particle. The energy release rate decreases due to crack deflection.
The effect of interphase material on the toughening of the particle reinforced composite was also studied. Our results show that the existence of interphase material not only provides good stress transfer between particle and matrix, but also affects the crack propagation direction as the crack interacts with the particle. A combination of crack deflection and crack tip blunting toughening mechanisms was observed when the interphase material is more compliant than the matrix material and reaches a certain level of thickness. Weaker interphases lead to increased toughness, but decreases of strength are also observed. Therefore, a compliant and thicker interphase is desired to achieve maximum improvement in fracture toughness and strength. Our numerical approach provides a useful tool for designing new polymer composites with improved mechanical properties. Within the current framework, further studies such as the effect of particle-particle interactions and filler volume fraction can be easily achieved, and quantitative prediction of fracture toughness as well as other mechanical properties of particle-reinforced composite can also be obtained. SEM images of fracture surfaces of E-glass particle reinforced BisGMA/TEGDMA composites prepared using (a) as-received and cleaned 2.6μm glass beads; (b) UHMWPE coated/PE-silanated 2.6μm glass beads; and (c) Cl-MPS/OTS/UHMWPE coated/PEsilanated 2.6μm glass beads [2] . Schematic representations of (a) 3-point bend specimen and (b) study zone. Stress-Strain curves with progressive damage degradation used in the FEM simulation [35] . Stress-strain curves for the undamaged matrix and interphase materials. Von Mises stress evolution as the crack propagates around the particle (crack facing the particle center). Crack trajectory as a function of offset from particle center. Von Mises stress distributions when the crack has the most intense interaction with the particle. Nondimensional energy release rate as the crack interacts with the particle. (a) Von Mises stress distribution as the crack interacts with the particle; (b) crack trajectories. Nondimensional energy release rate as the crack interacts with the particle. Interphase material (Fig. 5 case 1 ) 3120 0.32
Interphase material (Fig. 5 case 2 and 3 ) 1700 0.32 Table 2 Damage initiation strain (ε̄0 pl ) as a function of triaxiality used in the simulation. 
